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ABSTRACT 
The  divalent  cation  ionophore  A  23187  was  used  to  evaluate  the  action  of 
intracellular  calcium  on net  transepithelial  water  movement across the  isolated 
frog urinary bladder. Incubation with the ionophore increases the net basal water 
flux  in  a  dose-dependent  fashion  but  independent  of the  extracellular  calcium 
concentration. Bladders pretreated  with  A  23187  and exposed thereafter to  an 
increase in calcium concentration exhibit a water permeability that under certain 
conditions can be comparable to that achieved with antidiuretic hormone (ADH). 
Lowering the  serosal calcium at the peak of the hydrosmotic responses to both 
ADH and A  23187 inhibited the maintenance of the net water flux. The action of 
a  supramaximal  dose of ADH is blunted in bladders pretreated  with  A  23187, 
while  the  hydrosmotic effects  of a  submaximal  dose  are  enhanced  when  the 
ionophore is added together with the hormone. 
The  results  show  that  an  increase  in  transepithelial  water  movement can  be 
triggered by calcium and that serosal calcium is needed to sustain the response. 
This hydrosmotic response may be dependent upon the rate at which intracellular 
calcium concentrations change and on the absolute concentration attained. 
It  is  suggested  that  calcium  is  involved  in  the  action  of  ADH  on  water 
permeability and may act as a modulator of the hydrosmotic response. 
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response coupling 
In  almost  every  system  in  which  a  cellular  re- 
sponse  to  a  stimulus  is  followed  by  a  rise in 
adenosine 3',5'-monophosphate (cyclic AMP), a 
concomitant  change  in  the  metabolism  of  cell 
calcium  has  been  observed.  Calcium  ions  are 
involved  in  the  excitation-response  sequence  of 
different cells, and their role as second messengers 
and/or coupling  factors  (particularly  in interrela- 
tionship  with  cyclic nucleotides)  has  been  pro- 
posed as a generalized  mode of intracellular  com- 
munication  by which a  wide  variety  of cells are 
activated  by  specific  extracellular  messengers 
(14). 
In the urinary bladder of amphibia,  the addition 
of antidiuretic  hormone (ADH) to the serosal (or 
blood) side elicits an increase  in the permeability 
to sodium  (natriferic  effect),  water (hydrosmotic 
effect) and other small solutes  on the apical  (or 
luminal)  membrane.  This  excitation-permeabil- 
ity  coupling has  been  described  as  dependent 
on the activation by the hormone of a membrane- 
bound adenylate cyclase, the resulting increase in 
the  intracellular  concentration  of  cyclic  AMP 
being the mediator that triggers a poorly defined 
chain  of events leading  to the final permeability 
changes (7, 11). 
In regard to the possible involvement of calcium 
in this system, it has been reported that associated 
with  the  action  of  ADH  there  is  a  transient 
increase in the washout of ~Ca of preloaded toad 
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enon  of calcium  uptake  and  release  by  homoge- 
nates of epithelial cells of the bladder (16).  Also, 
the natriferic effect of ADH  can  be inhibited  by 
incubation  of the  toad bladder  with the  divalent 
cation ionophore A  23187  (21).  But the possibil- 
ity  of a  role  of calcium  on  the  hydrosmotic  re- 
sponse  can  only  be  derived  from  indirect  evi- 
dences.  The  hydrosmotic  response  can  be  modi- 
fied  by  agents  and  treatments  (such  as  ouabain, 
metabolic  inhibitors,  lithium,  quinidine,  lan- 
thanum,  and changes in calcium concentrations of 
the medium) (2, 5, 7-9,  18, 22) which have been 
shown in other cells to modify either the intracel- 
lular ionic calcium or the calcium permeability of 
the membranes. 
These  and  other results lead to the hypothesis 
that the compartmentalization of intracellular cal- 
cium  may  be  important  in  the  regulation  of the 
hydrosmotic response  (5,  6)  and  that  changes in 
intraceUular ionic calcium could trigger and inhibit 
the effects of ADH on water transport  (8, 9). 
The possibility that intracellular calcium plays a 
role  in  net  transepithelial  movement  of  water 
across the urinary bladder of amphibia was exam- 
ined using the divalent cation ionophore A  23187. 
This  antibiotic  facilitates  the  translocation  of di- 
valent cations across cell membranes,  produces  a 
diffuse rise in cytoplasmic ionic calcium (14), and 
doubles  the calcium uptake  by isolated epithelial 
cells of the urinary bladder of the toad (21). 
MATERIALS  AND  METHODS 
Urinary bladders were excised from doubly pithed frogs 
(Rana grylio, Everglades Frogs,  Ochopee,  Fla.).  One 
hemibladder  was  used  as  control  and  the  other  as 
experimental preparation. Net water fluxes along a luted 
osmotic gradient were measured by gravimetry with the 
hemibladders mounted as sacs (2). The miUimolax com- 
position of the serosal anuran Ringer's solution was: Na, 
110; K, 5; Ca, 2; CI, 124; glucose, 10; and Tris, 5; pH 
8.0-8.2.  The solution bathing the  mucosai side of the 
bladder was a 1:10 dilution of the serosal Ringer's; thus 
it  always  contained  0.2  mM  calcium.  When  calcium 
concentration was  changed in the serosal medium, the 
osmolality  was  kept  constant  by  adjusting  the  NaCI 
concentration. The surface  area of the preparation was 
calculated by weight, assuming  that each hemibladder 
represented a  perfect sphere, and the net water fluxes 
were expressed in microliters per square centimeter of 
bladder per hour (tzl" cm  -2" h-~). The results reported in 
the text are the mean --- SEM of six experiments; each 
experimental  point  in  the  figures  is  the  mean  of six 
experiments.  The  serosal  concentrations  of  A  23187 
were attained by adding an adequate amount of a 10 -a 
M solution of the ionophore prepared in a 1:1 dimethyl 
sulfoxide  (DMSO)-ethanol solvent. Equivalent amounts 
of  the  solvent  were  added  to  control  bladders.  The 
hydrosmotic  response  in  frog  bladders  is  usually  best 
obtained  with  oxytocin  rather  than  with  vasopressin 
(15). In these particular frog bladders, no difference was 
found between the action of oxytocin (Sigma Chemical 
Co., St. Louis, Me.) and that of vasopressin (Pitressin, 
Parke Davis & Co., Detroit, Mich.). With 20 mU/mi of 
either agent, a hydrosmotic response was obtained with 
a  maximal effect between  15  and  25  min.  The  peaks 
were  166.76  -_-  7.53  pl-cm-2-h  -~  with  vasopressin 
and  172.55  _+  13.30  /zl.cm-Z.h  -~ with oxytocin. The 
results  reported  here  are  those  obtained  with  vaso- 
pressin. 
RESULTS 
The net water flux of the unstimulated  frog blad- 
der was  2.09  -+  1.60/zl-cm -z. h -1. The addition 
of  A  23187  to  the  serosal  medium  elicited  an 
increase  in  net water  flux  (Fig.  1  and  2b).  This 
response  was dependent  on the concentration  of 
the  ionophore,  thus,  with  1  ￿  10 -e M  and  2  x 
10 -e M  the  net water fluxes were  23.07  ---  3.78 
and 31.68 --. 4.06/~1. cm  -2" h -1, respectively, after 
30  min.  With  5  x  10 -6 M  and  1  x  10 -5 M, the 
results  were  49.21  -+  4.84  and  68.41  +--  8.80 
/zl. cm -2. h -1, respectively, also after 30 min. 
These results, obtained with 2.0 mM calcium in 
the serosal medium, were not significantly differ- 
ent if A  23187 was added to a medium containing 
0.2  or  20.0  mM  calcium.  The  hydrosmotic  re- 
sponse was greatly enhanced if, 20 or 30 min after 
adding the ionophore, the serosal calcium concen- 
tration  was raised  5- to  10-fold.  When  2  x  10 -6 
M  of A  23187  was  added  to  a  serosal  medium 
containing 0.2 mM calcium and then the calcium 
concentration  was  increased  to  2.0  raM,  a  re- 
sponse  of  85.78  ---  12.61  /~l-cm-2.h  -1  was  ob- 
tained.  The same concentration of the ionophore 
added  to  a  2.0  mM  calcium  medium  which  was 
afterwards  increased  to  10.0  mM  yielded  a  re- 
sponse of 82.07  -+  10.52/zl-cm-2" h -1. 
When 2  ￿  10 -e M A  23187 was added to a 2.0 
mM  calcium  medium  which  was  then  abruptly 
increased to 20.0 mM calcium, a  145.96  -  19.73 
/zl-cm  -2. h -~ response  was observed.  This stimu- 
lation of the net water flux obtained by increasing 
calcium  in  the  presence  of  the  ionophore  was 
similar to the 151.02  +  12.89/zl.cm -~. h -~ water 
flux obtained in the paired hemibladders with 20 
mU/ml ADH  (Fig. 1 a). 
When this last experiment was repeated and, at 
the  peak  of the  responses  to  ADH  and  to  the 
ionophore,  the calcium concentration on the se- 
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I~GuP.~ 1  Control hemibladders (O--￿9  experimen- 
tal hemibladders (O---O).  (a) First arrow:  2  x  10  -6 M 
A  23187 added to experimental and diluent to control 
hemibladders. Second arrow:  20 mU/ml ADH added to 
control hemibladders and serosal calcium concentration 
raised from 2.0 to 20 mM in experimental hemibladders. 
(b) First and  Second  arrows:  same as in Fig.  la.  Third 
arrow: serosal calcium concentration reduced to 0.2 mM 
in both control and experimental hemibladders. ADH 
and A 23187 are not removed. 
rosal side was lowered to  0.2  mM, an inhibition 
of the hydrosmotic effects was obtained (Fig. i b), 
in spite of the continuous presence of the hormone 
or the ionophore. 
Fig.  2a  depicts the interaction between  a  sub- 
maximal dose of ADH  and A  23187. An increase 
in net water flux to 9.86  -+ 3.68/xl.cm-Z. h -' was 
obtained with 2 mU/ml of ADH.  The response to 
the same dose of ADH  was enhanced up to 58.33 
-  5.07  /zl. cm -2- h -~ when added together with 1 
x  10  -~ M  A  23187. 
In  contrast,  Fig.  2b  shows  that  hemibladders 
preincubated for 60 min with the same concentra- 
tion of the calcium ionophore exhibited an inhibi- 
tion  of  the  hydrosmotic  response  to  a  maximal 
dose  of  ADH  (a  peak  of  73.06  -  10.61 
/~1-cm  -2. h -~ in the ionophore-pretreated  experi- 
mental hemibladders as opposed to the 147.70  - 
6.32 ttl" cm -2" h -~ peak of the control). 
The  possibility that high serosal  calcium could 
reverse the inhibition produced  by preincubation 
with A  2318 was tested. Control and experimental 
hemibladders were preincubated for 60 min with 
1  x  10  -6 M  A  23187 in 2.0 mM serosal calcium. 
After that period, 20 mU/ml ADH  were added to 
both hemibladders, but in the experimental hemi- 
bladders  at the same  time that ADH  was  added 
serosal  calcium  was  raised  to  20.0  mM.  In  this 
experiment, the hydrosmotic response had a peak 
of 86.18  -  10.06/xl.cm-2.h -~ in the control and 
49.28  -+  9.84  /xl.cm-2.h -1  in  the  experimental. 
High  serosal  calcium  blunted  even  more  the  al- 
ready A  23187-inhibited response. In another set 
of experiments,  it  was  observed  that,  in  the  ab- 
sence of A  23187,  if serosal calcium is increased 
to 20.0 mM at the same time that ADH  is added, 
the  response  is  also  blunted  (161.73  -  10.36 
/zl.cm -2.h -~  in  ADH-treated  control  hemiblad- 
ders and  119.74  -+ 6.90/~l.cm-2.h -1 in ADH  + 
calcium 20.0 mM-treated experimental hemiblad- 
ders). 
DISCUSSION 
The results obtained seem paradoxical. The intra- 
cellular calcium concentrations attained by adding 
different concentrations of A  23187 (a) produced 
hydrosmotic  responses comparable  to  those  that 
can be evoked by submaximal doses of ADH;  (b) 
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FIou)m  2  Control hemibladders (O--O);  experimen- 
tal hemibladders (O--O). (a) At arrow, 2 mU/ml ADH 
plus diluent added to control and 2 mU/ml plus 1  ￿  10  -6 
M  A  23187  to  experimental  hcmibladders.  (b)  First 
arrow:  1 ￿  10  -8 M A 23187 added to experimental and 
diluent to control hemibladders. Second arrow:  20 mU/ 
ml ADH added to both control and experimental hemi- 
bladders. 
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by  a  maximal  dose  of  ADH;  and  (c)  had  an 
additive effect on the action of a submaximal dose 
of ADH. To obtain with calcium an effect similar 
to  that  obtained  with  a  maximal  dose  of  the 
hormone, extraceUular calcium must be abruptly 
increased after the membrane has been rendered 
permeable with the ionophore. 
A possible explanation is that whilst the hydros- 
motic response might be mediated by the absolute 
level of free intracellular calcium attained, it may 
also be critically dependent upon the rate at which 
calcium increases, as has been suggested for the 
K+-induced contractions in smooth muscle (20). 
Accordingly,  A  23187  would  rapidly  increase 
intracellular calcium  if  calcium  in  the  bath  is 
increased  after  the  addition  of  the  ionophore, 
whereas a much slower rise in cytoplasmic calcium 
would occur when the ionophore alone is added 
to  a  bladder at  any given level of extracellular 
calcium. 
This hypothesis might be also applicable to the 
result obtained in some other tissues in which A 
23187  was  used  to  simulate the  effect  of  hor- 
mones. In the pancreas, parotid glands (17) and 
neurohypophyses (19)  of the  rat,  a  much faster 
rate  of secretion is  obtained if extracellular cal- 
cium is raised after preincubation with A  23187 
than  if  the  ionophore  is  added  to  a  medium 
already containing calcium (see also discussion on 
page 79, reference 17). 
A  feature of many calcium-activated processes 
is  an  inhibition of  the  response  as  intracellular 
ionic calcium concentration is elevated (14). If the 
action  of  ADH  on  water  permeability involves 
changes in intracellular calcium, the inhibition of 
the response to ADH in bladders that were pre- 
treated  with  A  23187  could  be  explained  by 
supposing  that,  in  bladder  cells  in  which  the 
calcium concentration has been previously raised, 
the  hormone can induce little further changes in 
cytosolic calcium; thus its action on water perme- 
ability would be inhibited. This could also account 
for the inhibition of the serotonin-evoked secre- 
tion in the fly salivary gland by pretreatment with 
A  23187 (13), and the inhibition of ADH action 
by treatments that increase intracellular calcium, 
such as  the  ones mentioned in the  introductory 
paragraph.  Thus,  the  hydrosmotic  response 
evoked  by  ADH  (and  maybe  the  cellular  re- 
sponses to hormones in different tissues) could be 
dependent on the previous intracellular ionic cal- 
cium concentration. 
It is possible that if the  hydrosmotic action of 
ADH on the  amphibian urinary bladder is pro- 
duced  through sudden changes in concentration 
and/or  redistribution  of  compartmentalized  in- 
tracellular ionic calcium, this in turn could lead to 
a  high calcium concentration in the cell that acts 
as a negative feedback, inhibiting  the hydrosmotic 
response  to  ADH.  If  this  is  the  case,  it  may 
represent a  mechanism for self-limiting the  hor- 
monal effect on water permeability, thus modulat- 
ing the response. 
It has been pointed out that if a  cell response 
similar to the physiological activation is obtained 
through A  23187, the result is taken as evidence 
that, in the normal cell response, Ca  s§ plays a role 
as  a  coupling factor,  though  the  nature of  the 
calcium pool involved in the normal effect cannot 
be  inferred  (14).  The  sudden  inhibition of  the 
developed hydrosmotic responses to ADH or A 
23187  produced  by  a  reduction of the  calcium 
concentration on the serosal side shows that extra- 
cellular calcium is needed to sustain the response. 
It  has been shown in epithelial cell "ghosts"  of 
frog bladder that the absence of calcium does not 
modify the binding of ADH to receptor sites, but 
reduces  the  activation of adenyl cyclase  by  the 
hormone (11). There is no evidence in the intact 
tissue of an altered activity of adenyl cyclase  or a 
drop  in  cellular cyclic  AMP  (cAMP)  if serosal 
calcium  is  lowered  during  the  fully  developed 
hydrosmotic response to ADH. In the case of the 
ionophore-induced hydrosmotic response (such as 
the one in Fig.  la) the cell content of cAMP is 
lowered from a basal value of 16.0 --- 1.3 fmol/mg 
protein to 10.4 __- 0.4 fmol/mg protein (N =  5, P 
<  0.01)  at  the  peak  of  the  response  (D.  C. 
Lehotay and M. A. Hardy, unpublished observa- 
tion). This means that,  through A  23187,  Ca  2§ 
can trigger a cAMP-independent  increase in water 
permeability. Thus,  at  least  in  the  case  of  the 
ionophore  +  calcium-induced  hydrosmotic  re- 
sponse, it is the calcium uptake which seems to be 
responsible for the effect, and not the activation 
of adenyl cyclase. 
An exocytotic process is triggered by ADH at 
the  apical  membrane of  the  cells.  Masur et  al. 
have suggested that in this respect the behavior of 
the  urinary bladder resembles the  behavior of a 
gland, and that this process may be related to the 
permeability  changes  elicited  by  the  hormone 
(12).  Exocytosis is a  common feature of neuro- 
transmitter release and gland secretion, which is 
described as a calcium-mediated phenomenon (1, 
4).  Suggestively,  the  increased  ~Ca  efflux  ob- 
served in bladders under the action of ADH (16) 
790  RAPID  COMMUNICATIONS occurs only at the apical membrane (3). 
As ADH  also induces contraction in some types 
of smooth muscle cells, Bentley hypothesized that 
the action of ADH  on transepithelial water move- 
ment  and  on  muscle  contraction  may  involve 
similar cellular events (2).  In all types of muscle 
cells, calcium is the coupling factor in the excita- 
tion-contraction  sequence.  So  calcium  could  be 
the common factor in the excitation-response cou- 
pling  to  ADH,  in  both  muscle  and  epithelia. 
Calcium could also be the mediator of the hydros- 
motic  effect  triggered  by  serosal  hypertonicity 
(10). 
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